The 1957 A/H2N2 influenza virus caused an estimated 2 million fatalities during the pandemic. Since viruses of the H2 subtype continue to infect avian species and pigs, the threat of reintroduction into humans remains. To determine factors involved in the zoonotic origin of the 1957 pandemic, we performed analyses on genetic sequences of 175 newly sequenced human and avian H2N2 virus isolates and all publicly available influenza virus genomes.
I nfluenza A viruses are ecologically successful pathogens that infect a wide range of host species and that have periodically emerged in humans to cause pandemics (1) . The "Asian pandemic" of 1957 was caused by an H2N2 influenza A virus generated by reassortment of the previously circulating human H1N1 virus and an avian H2N2 virus that contributed the polymerase basic 1 (PB1), hemagglutinin (HA), and neuraminidase (NA) genes to the pandemic strain (2) . Here, we investigate genetic markers that are linked to the generation of human H2N2 viruses, by studying the genetic variation of H2N2 influenza A viruses in human hosts from 1957 to 1968 based on newly generated sequences from this study and all available sequences in public databases. The combined knowledge of which virus subtypes can potentially become pandemic and the characterization of changes essential for adaptation of individual viruses to humans will improve pandemic preparedness by allowing surveillance activities to identify specific genetic and phenotypic changes and allowing vaccine preparation for the most urgent threats.
The complete genomes of the 175 archived H2N2 influenza viruses isolated from humans (1957 to 1968) and birds (1961 to 2012) were sequenced using a high-throughput next-generation sequencing pipeline on a 454/Roche GS-FLX and Illumina HiSeq 2000 platform, as described previously (3) (4) (5) , and consensus sequences were deposited in GenBank (see Table S1 in the supplemental material). Nucleotide sequences of each gene segment were initially aligned using MAFFT (6) and then manually corrected and assembled to include only coding regions. To determine the most closely related avian and human clades, maximum likelihood (ML) trees were inferred based on nucleotide alignments using the program FastTree version 2.1.5 (7) under the generalized time-reversible (GTR) model with gamma-distributed rates among sites (GTRϩ⌫) (see Fig. S1 in the supplemental material). The ML trees were used to select the avian viruses most closely related to the human H2N2 viruses for further analysis. Temporal phylogenies were then inferred using Bayesian Markov chain Monte Carlo (MCMC) methods in BEAST v1.8.0. Nucleotide substitution rates and times to most recent common ancestor (TMRCAs) for H2 viruses were estimated ( Fig. 1A ; also see Fig. S2 in the supplemental material) under a relaxed clock model as described previously (8, 9) .
The mean nucleotide substitution rate of human H2N2 HA genes from 1957 to 1968 was estimated at 3.59 ϫ 10 Ϫ3 substitutions/site/year (subs/site/yr) (95% highest posterior density [HPD], 3.00 ϫ 10 Ϫ3 to 4.22 ϫ 10 Ϫ3 subs/site/yr) ( Table 1) , comparable to the rate within the avian cluster (3.50 ϫ 10 Ϫ3 subs/site/ yr; 95% HPD, 3.00 ϫ 10 Ϫ3 to 4.06 ϫ 10 Ϫ3 subs/site/yr) and which is consistent with previous reports. However, the substitution rates of human H2N2 PB1 and NA genes (1.13 ϫ 10 Ϫ3 and 0.89 ϫ 10 Ϫ3 subs/site/yr, respectively; 95% HPD, 0.89 ϫ 10 Ϫ3 to 1.38 ϫ 10 Ϫ3 and 0.68 ϫ 10 Ϫ3 to 1.11 ϫ 10 Ϫ3 subs/site/yr, respectively) were lower than previous estimates and those of avian PB1 and NA (1.76 ϫ 10 Ϫ3 and 2.57 ϫ 10 Ϫ3 subs/site/yr, respectively; 95% HPD, 1.55 ϫ 10 Ϫ3 to 1.98 ϫ 10 Ϫ3 and 2.24 ϫ 10 Ϫ3 to 2.89 ϫ 10 Ϫ3 subs/site/yr, respectively) (10, 11) . The mean TMRCAs (Fig. 1B ) of the novel-origin genes provide evidence suggesting that the PB1 and NA genes (1954 and early 1951, respectively) circulated in mammals before the HA was acquired (mid-1955), indicating a series of reassortment events in the years before pandemic emergence, consistent with previous analyses (8) . This hypothesis is further supported by the significantly lower substitution rates ob-served in the human H2N2 PB1 and NA segments than in the HA (Bayes factors of Ͼ1,000, calculated as previously described [12] ), suggesting prior mammalian adaptation. The lack of avian viruses isolated before 1957 precludes further validation of this hypothesis (8, 13) .
To determine the degree of reassortment present in human H2N2 viruses, we used a multidimensional scaling (MDS) plot of uncertainty of TMRCAs between samples of 500 trees for each gene segment, as previously described (14, 15) . In this analysis, we assume that gene segments with similar evolutionary histories will occupy similar positions in the MDS plot. Our analysis showed considerable overlap in the phylogenetic histories of all H2N2 gene segments during the 10-year period that they circulated in humans, indicating a relatively homogenous virus population with little evidence for ongoing reassortment in the human population ( Fig. 1C) .
We investigated natural selection on the virus populations by estimating the global ratio of nonsynonymous (d N ) and synonymous (d S ) substitutions per codon (d N /d S ratio) for each gene using single-likelihood ancestor counting (SLAC) as implemented in Datamonkey (16, 17) . Results indicate that H2N2 pandemic virus genes were generally under higher selection pressures than were those observed in avian hosts ( Table 2 ). In particular, the H2N2 PB1, HA, and NA genes had a higher d N /d S ratio in the human clade than in the avian group, while the human H1N1derived genes show increased d N /d S ratios compared to the ancestral H1N1 viruses circulating in mammals. These results likely reflect increased adaptive pressure on the newly generated H2N2 strain to both the new genome constellation and the new host.
A comparison of branch-wise d N /d S ratios of internal branches (ancestral nodes) and external branches (tips of the tree) was made using the 2-ratio model in CODEML (18) . Pandemic H2N2 PB1, HA, and NA genes have a higher internal/external ratio than that in the avian background, indicating accumulation of amino acid mutations in these genes, probably as a consequence of adaptation to the new host ( Table 2 ). The lower external d N /d S ratios suggest higher selective constraints resulting in deleterious nonsynonymous changes that were ultimately not fixed in the population (19) and may explain the lower evolutionary rates observed for this lineage. The internal versus external d N /d S ratios of the remaining gene segments that previously circulated in humans are comparable between the H2N2 and H1N1 backgrounds, indicating the absence of particular adaptive pressures after reassortment.
Previous studies on antibody profiling and comparative alignments of avian and human H2N2 virus isolates have reported amino acid differences between the two virus populations and suggested that they may be adaptive (2, 10, (20) (21) (22) . Here, we ana- In this analysis, the tree-to-tree variation in posterior distribution of 500 trees for each segment is plotted as a cloud of points where the mean is represented by the centroid of the cloud (crosses), while the spread of points indicates the degree of statistical uncertainty in the phylogenetic history of each gene segment. The space occupied by human H3N2 viruses is indicated by the oval (15) . lyze the significance of these changes by comparing selection pressures between human and avian viruses. Site-specific selection on amino acids was analyzed using two different methods and was considered relevant if the two methods detected the same codons.
The mixed-effect model of evolution (MEME) method detects both fixed and episodic diversifying selection between branches (23), while the Tdg09 program (24) relies on the designation of host-specific lineages to determine amino acid mutations that might have been important for the host shift event. Our analyses detected five positively selected sites in the HA gene only ( Table 2) . Of these, one residue-Asn-192-Asp/Glu/Lys-was in the receptor-binding site (RBS) of the HA protein (see Fig. S3A in the supplemental material). The remaining four sites-Ser-72-Arg/ Ile, Asn-181-Ilu, Glu-211-Lys/Asp, and Lys-217-Glu-are in antigenic regions of the HA protein (10, 11, 22) . It is also worth noting that, although not identified as being under significant positive selection in our analysis, most human H2N2 virus HA genes had a Glu-221-Lys and Gly-223-Ser mutation (positions 226 and 228 in H3 numbering, respectively) that is known to be significant in the adaptation of the H2N2 and H3N2 viruses in humans and results in increased binding affinity to ␣-2,6-linked sialic acid host receptors in H2N2 and H3N2 viruses (25) (26) (27) (28) .
Studies on the adaptation of influenza A H1 and H3 viruses describe a decrease in the observed-to-expected CpG content as an evolutionary mechanism to evade immune responses through viral mimicry of the host genome (29) . CpG motifs in DNA-the repeated succession of the nucleotide cytosine by guanine-are known to play an important role in immune reactions of verte-brates (30) . Emerging evidence indicates similar functions of CpG motifs in RNA as well (31) . However, analysis of CpG content showed no consistent pattern in the number of CpG motifs after the host switch from birds to humans in the PB1, HA, and NA genes (see Fig. S3B in the supplemental material). Similarly, an increase in the uracil content of avian-derived influenza A viruses following establishment and circulation in mammalian hosts is thought to reflect mammalian adaptation (29, 32, 33) . RNA editing enzymes (e.g., Apobec) can convert the nucleotide cytosine to uracil, which is involved in pathogen recognition (34) . Changes in the average content of U would suggest the activity of such an antiviral protein during host adaptation to humans. However, our results show either no change, or a slight decrease, in uracil content of the avian-derived PB1, HA, and NA genes (Fig. 2) . This analysis provides the first large-scale comparative genomic analysis of the adaptation of pandemic H2N2 viruses to humans. We found that pandemic H2N2 viruses have higher d N /d S ratios across the genome than do avian viruses, reflecting relaxed purifying selective constraints on the viruses during adaptation to humans. We identified five amino acid residues under significant positive selection in the RBS and antigenic regions of the HA protein involved in efficient binding to human-like receptors and immune escape (2, 21, 22) . Further means of viral adaptation to humans, such as decreased CpG and uracil content, were inconclusive, possibly due to the brief circulation of H2N2 viruses in humans (10 years), whereas previous studies looked at H1 and H3 viruses over a period of 20 to 70 years (29, 32) . Finally, our analysis on the temporal phylogenies of the avian-origin genes supports, as previously reported, the staggered introduction of each novel segment over 2 to 6 years prior to the emergence of the 1957 pandemic (8).
Jones et al. (35) provided a comprehensive risk assessment for the potential reintroduction in humans of H2N2 viruses currently circulating in wild birds and found that while the risk was low, these viruses exhibited pathogenicity, replicative competency, and direct-contact transmission in experimental mammalian systems. Moreover, a lack of sustained systematic global influenza surveillance in birds and other animals severely limits the power of any risk assessment. Consequently, as periodic bottlenecks can greatly influence the genetic characteristics of circulating avian influenza viruses (29) , the deduced characteristics of the current avian population (i.e., after 1980) may not be the same as those of the virus population that provided genes to the H2N2 pandemic strain. Although the exact mechanism of adaptation from the zoonotic ancestor remains unknown, historical evidence of successful H2N2 infection and transmission in humans, combined with an immunologically naive population for H2N2 below approximately 50 years of age, highlights the need for continued monitoring of this subtype for pandemic preparedness planning.
Nucleotide sequence accession numbers. A total of 1,426 new sequences were generated and deposited in GenBank. The accession numbers are CY116723 to CY117556, CY121897 to CY122051, CY122056 to CY122315, CY125822 to CY125925, KM885170 to KM885178, and KP098381 to KP098444.
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